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Teeth are formed by reciprocal interactions between the epithelium and mesenchyme in the ®rst pharyngeal arch. Although
the contribution of midbrain and hindbrain crest cells to the ®rst pharyngeal arch has been previously examined in rodent
embryos, no direct evidence exists that these cells are actually involved in the dental mesenchyme. In order to elucidate
the contribution of the cranial neural crest cells in tooth formation, we ®rst identi®ed the emigration sites and stages
providing the crest cells that migrate to the presumed tooth-forming region of the mandibular prominence. Focal labeling
with DiI was performed at the midbrain and anterior hindbrain crests in rat embryos, and the labeled embryos were
cultured for 30 or 60 hr. The resultant migration patterns indicated that posterior midbrain crest cells emigrating by the
end of the 4-somite stage predominantly migrated to the region where tooth buds normally develop. Second, we established
a new type of long-term culture system in which whole embryo culture is followed by a mandibular organ culture. Using
this system, rat embryos were maintained from the early-somite stage and the molars in the explants were able to reach
the bud stage within 8 days. Finally, to ascertain if posterior midbrain crest cells emigrating by the end of the 4-somite
stage were involved in the dental mesenchyme, these cells were labeled with DiI and processed for the long-term culture.
Labeled crest cells were clearly detectable in the dental mesenchyme. These ®ndings indicate that the early-emigrating
posterior midbrain crest cells contribute to mandibular molar tooth development in rat embryos. q 1996 Academic Press, Inc.
INTRODUCTION rounding mesenchyme condenses and becomes the dental
mesenchyme. Subsequent reciprocal interactions between
the enamel organ and dental mesenchyme ultimately resultTooth formation involves a series of reciprocal epithelial±
in tooth formation.mesenchymal interactions that lead the organ rudiment
The inductive potency of mouse odontogenesis isfrom its initiation through morphogenesis and ultimately
known to exist in the oral epithelium and dental mesen-to cytodifferentiation (Koch, 1967; Kollar and Baird, 1969,
chyme in a stage-dependent manner as shown by recom-1970a,b; Kollar and Lumsden, 1979; Kollar and Fisher, 1980;
bination cultures and transplantations of recombinantsThesleff and Hurmerinta, 1981; Mina and Kollar, 1987;
of the epithelium and mesenchyme (Kollar and Fisher,Lumsden, 1988; Slavkin et al., 1989). The ®rst morphologi-
1980; Mina and Kollar, 1987; Lumsden, 1988). Inductivecal sign of tooth development is the formation of dental
potency in mandibular molar rudiments of mouse em-lamina, appearing as a thickening of the oral epithelium.
bryos ®rst appears only in the mandibular epitheliumDuring the morphogenetic stage, the dental lamina further
between Embryonic Days 9 and 10, after which it gradu-invaginates and becomes the enamel organ, while the sur-
ally shifts from the mandibular epithelium to the dental
mesenchyme during Days 11 and 12, being transferred to
the dental mesenchyme by Day 13 (Mina and Kollar,1 To whom correspondence should be addressed at Department of
1987). Various molecules are suggested to be involved inDevelopmental Biology, Division of Life Science of Maxillo-Facial
these reciprocal interactions (for review, see Sharpe,Systems, Graduate School of Dentistry, Tokyo Medical and Dental
1995; Thesleff, 1995a,b). BMP-4 is one such molecule asUniversity, 1-5-45, Yushima, Bunkyo-ku, Tokyo, 113 Japan. Fax:
-81-3-5803-0213. E-mail: imai.dev@dent.tmd.ac.jp. evidenced by the fact that the BMP-4 protein triggered
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morphological changes in the dental mesenchyme in
vitro similar to those induced by the dental epithelium,
inducing several genes including Msx-1 and BMP-4 itself
(Vainio et al., 1993). The signi®cance of Msx-1 during
early tooth development has subsequently been proven
using knockout mice lacking functional Msx-1 (Satokata
and Maas, 1994), i.e., their teeth did not develop beyond
the bud stage. In addition, genetic disruption of another
transcription factor gene, LEF-1, indicates that this gene
is also involved in tooth formation (Van Genderen et al.,
1994). Msx-1 and LEF-1 transcripts have both been de-
tected in putative neural crest cells in mouse embryos
(Robert et al., 1989; Hill et al., 1989; MacKenzie et al.,
1991a,b, 1992; Jowett et al., 1993; Oosterwegel et al.,
1993).
Cell tracing studies on mammals have revealed that
the mesenchyme of the ®rst pharyngeal arch is formed
by cells derived from the paraxial mesoderm and neural
crest (Tan and Morriss-Kay, 1986; Serbedzija et al., 1992;
Fukiishi and Morriss-Kay, 1992; Osumi-Yamashita et al.,
1994, 1996; Trainor et al., 1994; Trainor and Tam, 1995).
Transplantation studies on amphibians indicate that the
dental mesenchyme is derived from the cranial neural
crest (Sellman, 1946; Wagner, 1949, 1955; Chibon, 1967).
Chibon (1967) provided the best evidence of such contri-
bution as thymidine-labeled cranial neural crest cells
were consistently detected in the dental mesenchyme
after being transplanted into the head region (Chibon,
1967). Regarding mammals, although transplantation of
recombinants of mandibular epithelium± neural crest
into the anterior chamber of the adult mouse eye was
able to induce tooth formation (Lumsden, 1988), no direct
evidence exists that mammalian neural crest cells mi-
grate to the tooth-forming region and give rise to the FIG. 1. Schematic illustration showing the experimental strate-
dental mesenchyme. gies. First, cranial crest cells at the anterior midbrain, posterior
midbrain, or anterior hindbrain were labeled with DiI, and wholeTo elucidate the involvement of mammalian cranial crest
embryos were cultured for 30 or 60 hr in order to identify thecells in tooth development, it is important (i) to identify
emigration site and stage of the neural crest cell population thatthe emigration sites and stages providing the crest cells that
migrates to the putative tooth-forming region of the mandibularmigrate to the presumed tooth-forming region and (ii) to
prominence. The embryos cultured for 30 hr were examined asascertain if the dental mesenchyme actually contains these
whole-mounts, and those cultured for 60 hr were observed histolog-
cells. Although we have previously examined the regional ically. Second, long-term culture was performed to examine
contribution of midbrain and hindbrain crest cells to the whether neural crest cells contributed to the dental mesenchyme.
®rst pharyngeal arch in rat embryos (Matsuo et al., 1993; Posterior midbrain crest cells were labeled with DiI, and after 60
Lee et al., 1995), the relation between emigration stages and hr in whole embryo culture mandibular prominences were dis-
migration patterns has not been described in detail. Thus, sected from cultured embryos along the solid line and processed
for organ culture. After 6 days distributions of labeled cells werewe initially carried out similar cell tracing experiments on
observed histologically. The dotted lines show the sectioning direc-cultured whole embryos of rats, particularly focusing on the
tions.emigration sites and stages providing the crest cells that
migrate to the presumed tooth-forming region. Especially,
the mandibular prominence derived from the ®rst pharyn-
geal arch grows in the distal (ventral) and simultaneously stage when the tooth buds are formed (New et al., 1976);
thus, we established a new type of combined long-term cul-medial directions and fuses at the midline. Mandibular mo-
lars are formed in the anterior (oral) side of the distal and ture system in which the whole embryo culture is followed
by a mandibular organ culture. Because mandibular molarsmedial region of the prominence in the advanced develop-
mental stages. Therefore, we performed longer cultures can develop to the bud stage under this system, DiI labeling
of neural crest cells enabled us to clearly demonstrate forthan done previously to trace crest cells populating the pre-
sumptive tooth-forming region. Even this culture method, the ®rst time the direct involvement of crest cells in the
dental mesenchyme.however, does not allow examination of embryos up to the
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FIG. 2. Schematic illustration showing the head region of rat embryos at the 3- to 4-somite stage (A), 5- to 6-somite stage (B), and 7- to
8-somite stage (C). Focal labeling was made in the three neuraxial levels, i.e., the anterior (AMB) and posterior (PMB) midbrain, and
anterior hindbrain (AHB) on the left side. FB, forebrain; POS, preotic sulcus; H, heart primordium.
TABLE 1
Distribution of Labeled Crest Cells after 30-hr Culture
Distribution of labeled cells (n/N)b
Mandibular prominence Other cranial regions
Somite Distal Proximal
stage at Frontonasal Periocular Maxillary Trigeminal
Site of labelinga labeling Anterior Posterior Anterior Posterior mass region prominence ganglion
Anterior midbrain 3 / (1/4) / (2/4) / (1/4) / (1/4) / (4/4) / (1/4)
// (3/4) // (4/4)
4 / (2/4) / (1/4) / (1/4) / (1/4) / (2/4) / (1/4)
// (1/4) // (2/4) // (1/4)
5 / (2/4) / (1/4) / (2/4) / (1/4)
// (3/4) // (4/4) // (2/4) // (2/4)
6 / (2/6) / (1/6) / (2/6) / (2/6)
// (2/6) // (5/6) // (2/6)
7 / (1/4) / (1/4) / (3/4)
// (1/4) // (3/4) // (1/4)
8 / (1/3) / (1/3)
// (2/3) // (1/3) // (1/3)
Posterior midbrain 3 / (1/4) / (1/4) / (3/4) / (2/4)
// (3/4) // (3/4) // (4/4) // (4/4) // (1/4) // (2/4) // (4/4) // (4/4)
4 / (2/4) / (2/4) / (1/4) / (1/4) / (1/4)
// (2/4) // (2/4) // (3/4) // (3/4) // (1/4) // (2/4) // (4/4) // (4/4)
5 / (2/5)
// (5/5) // (5/5) // (5/5) // (5/5) // (1/5) // (2/5) // (5/5) // (5/5)
6 / (2/4) / (2/4) / (1/4) / (1/4)
// (3/4) // (2/4) // (3/4) // (4/4)
7 / (2/4) / (2/4)
// (1/4) // (4/4)
8 / (1/5) / (1/5) / (2/5) / (1/5)
// (4/5)
Anterior hindbrain 3 / (1/4) / (1/4) / (3/4) / (4/4)
// (1/4) // (4/4)
4 / (1/5) / (2/5) / (2/5) / (3/5)
// (1/5) // (2/5) // (5/5)
5 / (1/7) / (3/7) / (3/7) / (6/7)
// (1/7) // (3/7) // (1/7) // (7/7)
6 / (2/5) / (2/5)
// (1/5) // (3/5) // (5/5)
7 / (2/5) / (2/5)
// (5/5)
8
// (4/4)
Note. (/) Light labeling (9 or fewer dots per embryo). (//) Heavy labeling (10 or more dots per embryo).
a See Fig. 2 for the location of sites labeled with DiI.
b (n/N )  No. embryos with ¯uorescent dots/No. embryos analyzed.
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on a stainless steel grid. Cultures were incubated at 377C in aMATERIALS AND METHODS
humidi®ed atmosphere of 95% air and 5% CO2. BGJb culture me-
dium (GIBCO) was supplemented with 50 U/ml penicillin/strepto-Culture Preparation
mycin (GIBCO), 10% fetal calf serum (SUMMIT), and 100 mg/ml
ascorbic acid (GIBCO). Medium was changed every other day.Rat whole embryo culture. Sprague±Dawley rat embryos were
Examination of cultured mandibles. Final observation wassurgically removed from anesthetized mothers on Day 10 (plug day
made at 6 days in organ culture (8-day culture in total) because Day 0; 3- to 8-somite stages, corresponding to Day 8.5 in the
longer culture decreased the ¯uorescence of labeled cells to belowmouse), placed under an optical microscope, and dissected from
the detection level (data not shown). After organ culture for 6 days,the uterus with the placenta and embryonic membranes intact.
mandibles were removed from the Millipore ®lters, ®xed in 4%Intact embryos were immediately processed for microinjection as
PFA in PBS for 1 or 2 hr, frozen in OCT compound (Miles, Inc.),described below. Injected embryos and uninjected/vehicle-injected
and serially sectioned (20 mm) in the frontal direction. Serial sec-control embryos were transferred to culture within 1 hr following
tions were examined and photographed as described above. Afterremoval and then incubated for 30 or 60 hr before undergoing either
staining the sections with hematoxylin and eosin to mark the re-®nal observation or transfer to mandibular organ culture after 60
gions with condensed dental mesenchyme, they were again exam-hr (Fig. 1).
ined and photographed.Whole rat embryos were cultured as previously described (Mat-
To assess molar tooth formation under this system preliminarysuo et al., 1993; Lee et al., 1995). Brie¯y, each embryo was placed
experiments were carried out in which unlabeled and labeled em-in a 15-ml culture bottle containing 2.5 ml of culture media com-
bryos were used. Moreover, to compare molar tooth developmentprised of 100% immediately centrifuged rat serum with 2 mg/ml
in vitro with that in vivo, rat embryos were removed from anesthe-glucose. The culture bottles were attached to a rotator drum and
tized mothers on Days 14 and 16, ®xed in Bouin's solution androtated at 20 rpm and 387C while being continuously supplied with
embedded in paraf®n, serially sectioned at 5 mm, and stained witha suitable concentration of O2 (5, 20, 60, or 95%) and CO2 (5%)
hematoxylin and eosin.balanced with N2.
Examination of embryos. During ®nal observation embryos
were initially assessed for heartbeat, yolk sac circulation, somite
number, and general morphology, after which only living embryos DiI Labeling of Neural Crest Cells
with normal morphology were further processed, i.e., 90% (81/90)
and 82% (50/61) of all embryos cultured for 30 and 60 hr, respec- To obtain dye solution for labeling DiI C18 (1,1*-dioctadecyl-
3,3,3 *,3*-tetramethylindocarbocyanine perchlorate, Moleculartively. Those cultured for 30 hr were examined as whole-mounts.
As well-developed embryos cultured for 60 hr are dif®cult to exam- Probes, Inc.) was saturated with 100% dimethylformamide and cen-
trifuged at 47C, after which the supernatant was diluted 30-foldine as whole-mounts, these were ®xed in 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 4 hr and frozen in OCT with 100% dimethylformamide. The resultant solution was stored
at 47C and allowed to warm to room temperature before injection.compound (Miles, Inc.), after which serial sections (12 mm) were
cut in the frontal direction. Whole-mounts and serial sections were Using micropipettes ®lled with the dye solution, microinjection
was performed as previously described (Matsuo et al., 1993; Osumi-examined and photographed (Kodak PKL200 ®lm) using a Zeiss
Standard microscope having epi¯uorescence optics (rhodamine ®l- Yamashita et al., 1994, 1996; Lee et al., 1995). Focal injections were
given at the following neuraxial levels in the preotic region of ater set).
Mandibular organ culture. Embryos developed to the 30-so- developing brain: (1) anterior and (2) posterior regions of the mid-
brain (mesencephalon) and (3) anterior region of the hindbrainmite stage were appropriate to provide explants for the mandibular
culture system. Therefore, embryos cultured for 60 hr were sub- (rhombencephalon), i.e., future rhombomeres 1 and 2. The injection
sites were clearly observed as pink dots and recorded by photo-jected to mandibular organ culture (Fig. 1) according to previously
described methods (Slavkin et al., 1989; Kronmiller et al., 1991; graphing under a microscope. Embryos staged by somite number
were injected, immediately transferred to culture bottles, and thenShum et al., 1993). Brie¯y, mandibular prominences were dissected
from the embryos and set on a Millipore ®lter (Millipore Co., Type incubated as described above. Figure 2 diagrammatically shows the
injection sites in the 3- to 4-, 5- to 6-, and 7- to 8-somite stages.AA), then placed in a Falcon organ culture dish, being supported
FIG. 3. Distribution of DiI-labeled neural crest cells originating from the anterior midbrain (AMB) (A, B), posterior midbrain (PMB) (C±
F), and anterior hindbrain (AHB) (G, H). Whole-mount images of the embryos in the lateral view. The left panel of (A) is a dark-®eld
image. The rest of the ®gures are synthesized from pairs of corresponding bright- and dark-®eld images. S3, S4, S5, S6, and S7 show somite
stages when the embryos were labeled. (A) The anterior midbrain crest cells labeled at the 4-somite stage are observed mainly in the
frontonasal mass (FNM) and around the eye primordium (E), while the minority migrated to the maxillary (Mx) and the anterior/proximal
mandibular (Md) prominence (arrowheads). (B) The anterior midbrain crest cells labeled at the 6-somite stage are mainly distributed in
the periocular region and frontonasal mass, and a few labeled cells migrate to the trigeminal ganglion (TG). (C, D) The posterior midbrain
crest cells labeled at the 3 (C)- or 5 (D)-somite stage migrate to the periocular region, the maxillary prominence, and the entire mandibular
prominence including the anterior-distal region (arrowhead). (E) The posterior midbrain crest cells labeled at the 6-somite stage are
distributed in the periocular region and the entire mandibular prominence, but the detectable cells are reduced in the distal region
(arrowhead). (F) Only a few posterior midbrain crest cells labeled at the 7-somite stage migrate to the proximal mandibular prominence
(arrowhead). (G) Few anterior hindbrain crest cells labeled at the 4-somite stage are observed in the anterior-distal side of the mandibular
prominence, though the labeled cells migrate to the posterior region of the prominence (arrowhead). (H) The anterior hindbrain crest cells
labeled at the 6-somite stage migrate to the proximal region of the mandibular prominence (arrowhead). The labeled cells are mainly
distributed in the trigeminal ganglion. Scale bar, 100 mm.
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TABLE 2
Distribution of Labeled Crest Cells in the Distal Mandibular Prominence afer 60-hr Culture
Distribution of labeled cells (n/N )b
Distal mandibular prominence
Medial Lateral
Other c
Somite stage Oral Anti-oral Oral Anti-oral cranial
Site of labelinga at labeling (Anterior) (Posterior) (Anterior) (Posterior) regions
Anterior midbrain 3
// (4/4)
4 / (1/4) / (2/4) / (1/4)
// (4/4)
5 / (1/6) / (1/6) / (1/6)
// (6/6)
6 / (1/4) / (1/4)
// (4/4)
Posterior midbrain 3 / (1/4) / (2/4)
// (3/4) // (2/4) // (4/4) // (4/4) // (4/4)
4 / (3/4)
// (4/4) // (1/4) // (4/4) // (4/4) // (4/4)
5 / (1/4) / (1/4) / (2/4) / (3/4)
// (1/4) // (1/4) // (2/4) // (1/4) // (4/4)
6 / (2/4) / (2/4)
// (4/4)
Anterior hindbrain 3
// (1/3) // (1/3) // (1/3) // (1/3) // (3/3)
4 / (1/4) / (1/4) / (1/4)
// (4/4)
5
// (4/4)
6 / (1/5) / (2/5) / (1/5)
// (1/5) // (5/5)
Note. (/) Light labeling (9 or fewer dots per embryo). (//) Heavy labeling (10 or more dots per embryo).
a See Fig. 2 for the location of sites labeled with DiI.
b (n/N )  No. embryos with ¯uorescent dots/No. embryos analyzed.
c Labeled cells were observed in regions other than the mandibular prominence.
To ensure that embryonic growth and differentiation were not we placed emphasis on determining the emigration sites
affected by the dye solution preliminary experiments (60-hr cul- and stages providing crest cells that migrate to the distal
tures) were carried out, i.e., dye-injected embryos were compared (ventral) and anterior (oral) region of the mandibular promi-
to uninjected and vehicle-injected control embryos. Living embryos nence where molars are formed at advanced developmental
with normal morphology were indistinguishable from similar stage stages. In rodents cranial neural crest cells appear in the
embryos maintained in vivo (data not shown). Using crown±rump midbrain and anterior hindbrain at the 3-somite stages
length, protein content, and somite number as comparison mea-
(Nichols, 1981), with their emigration from these regionssures, dye-injected embryos were concluded to undergo similar em-
commencing by the 4- to 6-somite stages (Nichols, 1981,bryonic growth and differentiation.
1986; Tan and Morriss-Kay, 1985). As the production of
crest cells in these regions is decreased or ceases in mouse
embryos after the 9-somite stage (Osumi-Yamahita et al.,RESULTS
1994), we injected DiI into the cranial neural crest (anterior/
posterior midbrain and hindbrain) of whole embryos at theMigration Patterns of Midbrain and Anterior
3- to 8-somite stages and then cultured them for 30 hr. OfHindbrain Crest Cells after 30-hr Culture
81 embryos evaluated, the average ®nal somite number was
In the present study, clarifying the contribution of cranial approximately 20. Table 1 summarizes the distribution of
labeled cells at the considered somite stages (Fig. 2).crest cells to tooth formation was the main objective; thus,
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TABLE 3
Tooth Differentiation under Long-Term Culture
Tooth development
No sign of
tooth initiation Dental lamina Bud stage Cap stage
Culture perioda (%) (%) (%) (%)
Controlb 8 days (n  14) 1 (7.1) 0 13 (92.9) 0
12 days (n  12) 0 2 (16.7) 5 (41.7) 5 (41.7)
DiIc 8 days (n  43) 1 (2.3) 7 (16.3) 35 (81.4) 0
12 days (n  8) 0 0 3 (37.5) 5 (62.5)
a Total culture period.
b Mandibular explants obtained from uninjected control embryos.
c Mandibular explants obtained from dye-injected embryos.
Anterior midbrain. In most embryos the labeled crest Thus, the labeled cells emigrating from the posterior
midbrain at the 3- to 5-somite stages actively migratedcells derived from the anterior midbrain predominantly dis-
tributed in the frontonasal mass and/or periocular region, to the distal region of the mandibular prominence where
tooth buds normally develop, those emigrating at the 6-though limited distribution in the maxillary region, trigem-
inal ganglion, and/or mandibular prominence was observed somite stage were restricted to the more proximal part
of the prominence, and only a few labeled cells emigrat-(Table 1, Figs. 3A and 3B). The relation of the labeling stages
and the distribution patterns in the mandibular promi- ing at the 7- to 8-somite stage reached the prominence.
Anterior hindbrain. The progeny of the labeled cellsnences was as follows. Injections at the 3- to 5-somite stage
produced the labeled cells in the mandibular prominence in the anterior hindbrain migrated to the trigeminal gan-
glion. In contrast to our results from the other two re-in 6/12 of the embryos, and the distribution was mainly
restricted to the anterior-proximal region of the mandibular gions, the labeled cells derived from the anterior hind-
brain were not detected in the frontonasal mass nor inprominence (Fig. 3A). At the 6-somite stage a few labeled
cells were detected in the anterior-proximal region of the the periocular region (Table 1). The labeled cells were
observed in the maxillary and mandibular prominences,mandibular prominence in 2/6 embryos, while no labeled
cells were observed in the prominence in the other (4/6) but their number was less than those from the posterior
midbrain (Table 1). The relation of the labeling stages andembryos (Fig. 3B). At the 7- to 8-somite stages no labeled
cells were observed in the mandibular prominence in most distribution patterns of the labeled cells was as follows.
Some of the crest cells labeled at the 3- to 5-somite stageof the embryos. Thus, labeled cells emigrating from the
anterior midbrain were mainly distributed in the frontona- migrated to the posterior-distal region of the mandibular
prominence in 3/16 embryos, but the labeled crest cellssal mass and/or periocular region, and a minority of those
emigrating by the 6-somite stage reached the anterior proxi- did not reach the anterior-distal region in all embryos.
The distribution of the labeled cells was mostly observedmal region of the mandibular prominence.
Posterior midbrain. The majority of crest cells labeled in the posterior-proximal region of the mandibular prom-
inence in 14/16 embryos (Table 1 and Fig. 3G). At thein the posterior midbrain were distributed in the mandib-
ular prominence, maxillary region, and trigeminal gan- 6-somite stage the labeled cells were restricted to the
proximal region in 3/5 embryos (Fig. 3H). At the 7- to 8-glion, while the minority of cells migrated to the periocu-
lar region and/or frontonasal mass. The distribution pat- somite stage a few labeled cells were distributed only in
the posterior-proximal region of the mandibular promi-terns were also dependent on the labeling stages (Table
1). Note that the progeny of the crest cells labeled at nence in 2/9 embryos. Brie¯y, the anterior hindbrain
crest cells labeled at the 3- to 6-somite stages migratedthe 3- to 5-somite stages were distributed throughout the
entire mandibular prominence including the anterior- to the posterior region of the mandibular prominence,
being gradually restricted to the more proximal region,distal region in 100% (13/13) of the embryos (Figs. 3C
and 3D). In contrast, at the 6-somite stage the progeny and only a few labeled cells emigrating at the 7- to 8-
somite stage reached the mandibular prominence.of labeled crest cells migrated to the distal region of the
mandibular prominence in 2/4 embryos, but the detect-
Identi®cation of the Emigration Sites and Stages ofable cells in the distal region appeared to be reduced (Ta-
the Crest Cells That Populate the Putative Tooth-ble 1 and Fig. 3E). At the 7- to 8-somite stage no labeled
Forming Region after 60-hr Culturecells were observed in the distal region of the mandibular
prominence, and there was a small number of labeled Next, we performed the whole embryo culture for 60 hr
to con®rm the emigration stage and site providing the crestcells in the proximal region in 3/9 of embryos (Fig. 3F).
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FIG. 4. Distribution of DiI-labeled neural crest cells originating from the anterior midbrain (AMB) (A), posterior midbrain (PMB) (B, D±
G), and anterior hindbrain (AHB) (C) in frontal sections. All panels are synthesized from pairs of bright- and dark-®eld images. S3, S4, S5,
and S6 showing their somite stages when the embryos were labeled. (A) Few anterior midbrain crest cells labeled at the 4-somite stage
are observed in the distal mandibular prominence (Md). (B) The posterior midbrain crest cells labeled at the 3-somite stage migrate to the
distal mandibular prominence including the medial-oral region (arrow). (C) No anterior hindbrain crest cells labeled at the 4-somite stage
are observed in the distal mandibular prominence. (D, E) The posterior midbrain crest cells labeled at the 3 (D)- or 4 (E)-somite stage
migrate to the medial mandibular prominence adjacent to oral epithelium (small arrows). Large arrows show the oral (O) and medial (M)
directions in the mandibular prominence, respectively. (F) The posterior midbrain crest cells labeled at the 5-somite stage migrate to the
distal mandibular prominence and most of them were localized in the lateral region distant from oral epithelium (arrow). (G) No posterior
midbrain crest cells labeled at the 6-somite stage are distributed in the distal mandibular prominence. Scale bar, 100 mm.
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cells which migrate to the medial-oral region in the distal 3-somite stage produced the ectomesenchymal cells in the
medial-oral mandibular prominence.mandibular prominence. Since cranial neural crest cells la-
beled at the 7- to 8-somite stage did not migrate to the distal
mandibular prominence as shown in Table 1, injections
were made at the 3- to 6-somite stages. A total of 50 em-
Establishment of Combined Long-Term Culturebryos were used for the analysis. The ®nal somite number
of the embryos was approximately 31 on the average.
We established a new type of long-term culture systemSince this examination speci®cally focused on the distri-
in which whole embryo culture for 60 hr was followed bybution patterns of the labeled cells within the distal man-
a mandibular organ culture. To assess tooth formation un-dibular prominence, ``medial'' and ``lateral'' were used to
der this system, we ®rst histologically examined the devel-indicate directions instead of ``distal'' and ``proximal,'' re-
opment of molar teeth. Table 3 summarizes the results ofspectively. Under the same condition, ``oral'' and ``anti-
these observations using dye-injected and uninjected con-oral'' were used as synonyms for ``anterior'' and ``posterior,''
trol embryos. Note that more than 80% of the explants inrespectively. Table 2 summarizes the precise distribution
both groups showed molars developed to the bud stage (Fig.patterns of the labeled cells with regard to these regions in
5A) within 6 days in mandibular culture (8-day culture inthe distal mandibular prominences.
total). Molars in the explants reached the cap stage after 10Anterior midbrain. Anterior midbrain crest cells la-
days mandibular culture (12-day culture in total) (Fig. 5C).beled at the 3- to 6-somite stage were not distributed in the
Histologically, the tooth development in vitro appearedmedial-oral region of the distal mandibular prominence in
morphologically similar to that in vivo (Figs. 5B and 5D).15/18 embryos. Although only a few labeled cells were ob-
These results indicate that this long-term culture systemserved in this region of the prominence in the 3 other em-
is applicable to the examination of the further developmentbryos (Table 2), no distribution of labeled cells in the mesen-
of cranial neural crest cells.chyme underlying the mandibular epithelium was seen.
The progeny of the crest cells labeled in the anterior mid-
brain were mainly noted in the periocular region (Fig. 4A)
and/or frontonasal mass.
Detection of Midbrain Neural Crest Cells in thePosterior midbrain. The progeny of the crest cells la-
Dental Mesenchyme after 8-Day Culturebeled in the posterior midbrain at the 3- to 4-somite stages
were predominantly distributed in the medial-oral region
Based on the results from the above two series of trac-of the distal mandibular mesenchyme (Figs. 4B, 4D, and 4E).
ing experiments, we examined in the long-term cultureNotably, the labeled cells were detected adjacent to the oral
system whether posterior midbrain crest cells emigratingepithelium in 100% (8/8) of the embryos (Table 2 and Figs.
at the early somite stage would contribute to the dental4D and 4E). The crest cells labeled at the 5-somite stage
mesenchyme. DiI labeling was made in the posterior mid-migrated to the distal mandibular prominence and most of
brain crests at the 3- to 4-somite stage because such injec-them were localized in the lateral region in 4/4 embryos
tion resulted in labeling of the medial-oral region of the(Table 2 and Fig. 4F). Few crest cells labeled at the 6-somite
distal mandibular prominence in 100% of embryos (Ta-stage were present in the medial region of the mandibular
bles 1 and 2).mesenchyme in 4/4 embryos (Fig. 4G), and a few labeled
Whole embryo culture maintained the development ofcells were observed in the lateral region in 2/4 embryos.
21/24 embryos from the early-somite to the over-30-somiteThe labeling in the posterior midbrain crest at the 3- to 4-
stages. Molar teeth developed to the bud stage after 8-daysomite stage actively produced the ectomesenchymal cells
culture in 18/21 explants. The posterior midbrain crest cellsin the medial-oral mandibular prominence.
labeled at the 3- to 4-stage somite stage were observed inAnterior hindbrain. Anterior hindbrain crest cells la-
the mandibular mesenchyme in 17/18 of the cultured man-beled at the 3- to 6-somite stage were not observed in the
dibular explants (Fig. 6A). The labeled cells were obviousmedial region of the distal mandibular prominence in 13/
within the dental mesenchyme in 13/17 of the cultured16 embryos (Fig. 4C), while a few labeled cells were noted
mandibular prominences (Figs. 6B and 6C). This is the ®rstin the medial region distant from the oral epithelium in
direct evidence in mammals that the early-emigrating crestanother 2 of this group. The labeled cells were mostly ob-
cells derived from the posterior midbrain actually contrib-served in the more proximal region than in the distal man-
dibular prominence (16/16). Only one embryo labeled at the ute to the dental mesenchyme.
FIG. 5. Development of mandibular molar teeth in vitro (A, C) and in vivo (B, D). Photographs showing the frontal sections stained with
hematoxylin and eosin. (A) Mandibular molar tooth develops to the bud stage after 8-day culture. Mesenchymal cells are condensed
beneath the dental epithelium (DE). (B) Mandibular molar tooth of Day 14 rat embryo develops to the bud stage. (C) Mandibular molar
tooth develops to the cap stage after 12-day culture. (D) Mandibular molar tooth of Day 16 rat embryo develops to the cap stage. EO,
enamel organ; DM, dental mesenchyme; DP, dental papilla. Scale bar, 100 mm.
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crest cell emigration differs among various neuraxial levelsDISCUSSION
(Nichols, 1981, 1986; Tan and Morriss-Kay, 1985).
In the ®rst pharyngeal arch the neural crest cells are local-The Emigration Stage and Site Providing the Crest
ized super®cially to the somitomeric mesoderm and subja-Cells That Migrate to the Putative Tooth-Forming
cent to the surface ectoderm (Noden, 1984) and the localiza-Region
tion of the crest cells extends to the tip of the pharyngeal
arch (Trainer and Tam, 1995). Mandibular teeth develop inIn rodents the ®rst indication of cranial crest cell emigra-
the anterior (oral) region of the mandibular prominence thattion is seen in the midbrain and anterior hindbrain by the
develops in the medial direction in the distal ®rst pharyn-4-somite stage (Nichols, 1981, 1986; Tan and Morriss-Kay,
geal arch. We found that the posterior midbrain crest cells1985). Several tracing experiments revealed that these mid-
labeled by the end of the 4-somite stage actively migratedbrain/anterior hindbrain crest cells migrate to the ®rst pha-
to this future tooth-forming region (Figs. 4D and 4E). Thus,ryngeal arch including the future mandible and maxilla (Tan
it is quite probable that these crest cells are involved inand Morriss-Kay, 1986; Fukiishi and Morriss-Kay, 1992;
mandibular tooth formation.Serbedzija et al., 1992; Osumi-Yamashita et al., 1994, 1996;
Lee et al., 1995; Trainer and Tam, 1995). Here, we per-
The Contribution of Early-Emigrating Midbrainformed DiI labeling with special emphasis on precise identi-
Crest Cells to Mandibular Molar Tooth Formation®cation of the crest cells that migrate to the distal region
Although neural crest obtained from Day 8.5 mouseof the mandibular prominence where teeth develop. The
embryos is reported to have a potency to form teeth inrelationships between the emigration sites, somite stages,
combination with the mandibular epithelium of Day 9and distribution patterns of the labeled crest cells are
(Lumsden, 1988), there has been no direct evidence thatschemed in Fig. 7.
neural crest cells contribute to the dental mesenchyme.The crest cells labeled at the earlier stage tended to mi-
The long-term culture system that we established com-grate to the more distal region, whereas those labeled at the
bines whole embryo culture with mandibular organ cul-later stage were distributed in the more proximal region.
ture in order to cover mandibular development from theThe migration of anterior midbrain crest cells into the fron-
stage of neural crest migration. By applying DiI labelingtonasal mass occurred at the 3- to 6-somite stage and ap-
in this system cranial crest cells could be traced frompeared to cease by the end of the 7-somite stage (Table 1).
the emigration to the tooth-forming stage. Based on theMoreover, the posterior midbrain crest cells labeled prior
results obtained in whole embryo culture, we labeled pos-to the 6-somite stage migrated into the distal end of the
terior midbrain crest cells at the 3- to 4-stage and revealeddeveloping ®rst pharyngeal arch, whereas the crest cells
that these cells were involved in the dental mesenchymelabeled at the later stage were restricted to the more proxi-
of mandibular molar bud (Figs. 6B and 6C). This is themal region of the arch. Such stage dependency in crest cell
®rst direct evidence that mammalian neural crest cellsmigration is consistent with previous results obtained in
actually contribute to tooth formation.mouse embryos (Serbedzija et al., 1992; Osumi-Yamashita
The number and ¯uorescent intensity of detectableet al., 1994, 1996).
cells just beneath the dental epithelium appeared to be
It was further shown that the migration pattern of the
less than the more peripheral dental mesenchymal cells
crest cells was dependent on axial levels, which is also gen-
(Fig. 6B). In addition, no labeled cells were seen in the
erally in agreement with the previous observations (Fuki- dental mesenchyme in 4/17 of the cultured mandibular
ishi and Morriss-Kay, 1992; Serbedzija et al., 1992; Matsuo prominences. One possible explanation is that the dental
et al., 1993; Osumi-Yamashita et al., 1994, 1996; Lee et al., mesenchymal cells just beneath the dental epithelium
1995; Trainer and Tam, 1995). Anterior midbrain crest cells have higher cell proliferation activity, which causes
labeled at the early somite stage migrated to the more ante- greater decrease in ¯uorescence to below the detection
rior part of the head, i.e., the periocular region and frontona- level. In support of this interpretation, the condensed
sal mass, and they populated only the proximally restricted dental mesenchymal cells underlying the dental epithe-
region of the mandibular prominence. Although both poste- lium incorporate BrdU more intensely than those of the
rior midbrain and anterior hindbrain crest cells labeled at more peripheral region (Vainio et al., 1991; Vainio and
the early somite stage migrated to the ®rst pharyngeal arch, Thesleff, 1992). Another possible explanation is that we
the former occupied the most distal end of the mandibular were unable to label all the midbrain crest cells; there
prominence and dispersed over the more anterior part of may be a possibility that only nonlabeled crest cells oc-
the head, while the latter tended to be distributed in the cupy the small tooth-forming area. In any event, it is
more proximal region of the prominence and few migrated certain that the neural crest cells are actually involved
to the periocular region. Such site dependency in the migra- in the dental mesenchyme just beneath the dental epithe-
tion patterns is likely to correlate with onset of crest cell lium where labeled cells are observed (Fig. 6C).
emigration, i.e., migration of the posterior midbrain crest
Possible Application of the Long-Term Culturecells is earlier than that of the hindbrain, and the posterior
Systemmidbrain crest cells are therefore able to reach the distal
region earlier than those from the anterior hindbrain. This We revealed that posterior midbrain crest cells migrated
to the distal-medial-oral mandibular prominence, while fewis supported by previous reports that the stage of onset of
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FIG. 6. Distribution of DiI-labeled neural crest cells originated from the posterior midbrain in frontal sections of cultured mandible. S3
and S4 showing their somite stages when the embryos were labeled. (A), (B), and (C) were obtained from individual representative samples.
(A) Synthesized image obtained from corresponding dark-®eld image and hematoxylin ±eosin-stained one. The posterior midbrain crest
cells labeled at the 3-somite stage are observed in the cultured mandible (Md). Note that labeled mesenchymal cells are restricted to the
injection side (left side in the photograph) of the mandible. (B) Synthesized image obtained from corresponding dark-®eld image and
hematoxylin±eosin-stained one. A large number of labeled cells is present in the condensed dental mesenchyme (DM). (C) Synthesized
image obtained from pairs of corresponding bright-®eld and dark-®eld images. Labeled crest cells derived from the posterior midbrain are
present in the dental mesenchyme just beneath the dental epithelium (DE) as well as in the peripheral region (arrows). TB, tooth bud.
Scale bar, 100 mm.
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growth factor-b subtypes regulate embryonic mouse Meckel'sother crest cells migrated to that region. In chick embryos
cartilage and tooth development. Dev. Biol. 162, 85 ±103.neuraxial levels of rhombencephalic neural crest cells are
Chibon, P. (1967). Etude experimentale per ablations, greffes etrelated to the subsequent cell behavior, i.e., crest cells de-
autoradiographie, de l'origine des dents chez l'amphibien urodelerived from even-numbered rhombomeres have different
Pleurodeles waltlii Michah. Arch. Oral Biol. 12, 745 ±753.character from those from odd-numbered ones (Graham et
Fukiishi, Y., and Morriss-Kay, G. M. (1992). Migration of cranial
al., 1993, 1994). It is simultaneously suggested that crest neural crest cells to the pharyngeal arches and heart in rat em-
cells receive developmental information from the environ- bryos. Cell Tissue Res. 268, 1±8.
ment during their migration (reviewed in Bronner-Fraser, Graham, A., Heyman, I., and Lumsden, A. (1993). Even-numbered
1993). It would therefore be important to elucidate whether rhombomeres control the apoptotic elimination of neural crest
the posterior midbrain neural crest cells are restricted in cells from odd-numbered rhombomeres in the chick hindbrain.
Development 119, 233 ±245.behavior and differentiation fate depending on the site of
Graham, A., Francis-West, P., Brickell, P., and Lumsden, A. (1994).their origin, whether they are in¯uenced by neighboring
The signalling molecule BMP-4 mediates apoptosis in the rhomb-cells, or both.
encephalic neural crest. Nature 372, 684±686.The feasibility of in vitro organ culture under chemi-
Hill, R. E., Jones, P. F., Rees, A. R., Sime, C. M., Justice, M. J.,cally de®ned, serum-free conditions, makes developing
Copeland, N. G., Jenkins, N. A., Graham, E., and Davidson,teeth a favorite model for analyses of embryonic epithe-
D. R. (1989). A new family of mouse homeo box-containing
lial±mesenchymal interactions (Yamada et al., 1980; Par- genes: Molecular structure, chromosomal location, and develop-
tanen et al., 1985; Slavkin et al., 1989). The application of mental expression of Hox-7.1. Genes Dev. 3, 26±37.
organ culture reveals that the epithelial ±mesenchymal Jowett, A. K., Vainio, S., Ferguson, M. W. J., Sharpe, P. T., and
interaction in odontogenesis is mediated by numerous Thesleff, I. (1993). Epithelial-mesenchymal interactions are re-
factors (Kronmiller et al., 1991; Vainio et al., 1991, 1993; quired for msx 1 and msx 2 gene expression in the developing
murine molar tooth. Development 117, 461±470.Jowett et al., 1993; Shum et al., 1993; Chai et al., 1994;
Koch, W. E. (1967). In vitro differentiation of tooth rudiments ofSharpe, 1995; Thesleff, 1995a,b). In such organ culture
embryonic mice. I. Trans®lter interaction of embryonic incisorsystems, however, we cannot examine morphogenetic
tissues. J. Exp. Zool. 165, 155±170.events that occur from the beginning of mandibular for-
Kollar, E. J., and Baird, G. R. (1969). The in¯uence of the dentalmation following crest cell migration. Using the long-
papilla on the development of tooth shape in embryonic mouseterm culture system described here, mammalian em-
tooth germs. J. Embryol. Exp. Morphol. 21, 131±148.
bryos are manipulated prior to the early-somite stage and
Kollar, E. J., and Baird, G. R. (1970a). Tissue interactions in embry-
the tooth rudiments are able to be maintained to the cap onic mouse tooth germs: I. Reorganization of the dental epithe-
stage. In the present study we identi®ed that posterior- lium during tooth-germ reconstruction. J. Embryol. Exp. Mor-
midbrain crest cells emigrating at the early-somite stage phol. 24, 159±171.
actually contributed to the dental mesenchyme. This Kollar, E. J., and Baird, G. R. (1970b). Tissue interactions in embry-
long-term culture system can be applied to identify mo- onic mouse tooth germs: II. The inductive role of the dental
papilla. J. Embryol. Exp. Morphol. 24, 173±186.lecular mechanisms of tooth organogenesis prior to the
Kollar, E. J., and Fisher, C. (1980). Tooth induction in chick epithe-initiation stage. It would also be helpful for the studies
lium: Expression of quiescent gene for enamel synthesis. Scienceof other developmental events related with cranial crest
207, 993±995.differentiation such as chondrogenesis.
Kollar, E. J., and Lumsden, A. G. S. (1979). Tooth morphogenesis:
The role of the innervation during induction and pattern forma-
tion. J. Biol. Buccale 7, 49±60.
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